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A. Abstract
A key problem when developing molecular diagnostic techniques is procuring target detection
probes. The need of a stable and selective probe is necessary for accurate target identification in
disease detection. Antibodies are widely used but they are unstable at ambient temperatures and
are expensive and time consuming to develop. The use of aptamers (short singlestranded DNA)
as molecular probes provides several advantages over protein-based methods because they are
more stable, easily selected and modifiable. The need of a reliable and stable probe is necessary
for accurate detection tests in the field for disease monitoring. Currently, field methods are
limited in the time and expertise required to obtain results. Our objective is to enrich a starting
library of aptamers (~1014 randomized sequences) to be specific towards Ranavirus through
SELEX methods. We describe a dual SELEX approach using two Ranavirus targets, whole
Ranavirus FV3 virion particles and its MCP. After 6 rounds of stringent conditions followed by a
cross-reaction selection with virion specific aptamers and the MCP protein target, we have
successfully enriched a starting library of 1014 non-specific aptamers to those specific to
Ranavirus. Aptamer sequences were analyzed by Sanger and Next-Generation Sequencing
methods for common structural motifs between virion specific aptamers and MCP specific
aptamers, to demonstrate enrichment of the starting library. In future work, the binding affinities
of selected aptamer probes will be measured by either electrophoretic mobility shift assays
(EMSA) or Surface Plasma Resonance (SPR) using the MCP target. We expect binding affinities
of aptamers to be within the nanomolar range, demonstrating the aptamers high affinity and
specificity. Ultimately, the selected aptamers will be incorporated as molecular probes for
Ranavirus into a field usable, rapid pathogen test that will surpass the limitations of current field
tests.
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Expression and purification of Ranavirus, Frog virus 3 (FV3), Major Capsid Protein
Introduction

Ranavirus is a genus of virus within the family of the Iridoviridae. The Iridoviridae comprise five
genera of doublestranded DNA viruses (Iridovirus, Chloriridovirus, Ranavirus, Megalocytivirus,
and Lymphocystivirus), all with an icosahedral shape and a Major Capsid Protein (MCP)
contributing to 50 % of their total mass (Gray et. al. 2009). Ranavirus is associated with high
mortality rates amongst amphibians, reptiles and fish and has been responsible for 43 % of
amphibian die-offs within the US (Gray et. al. 2009). Thus, Ranavirus poses a significant
ecological threat. There are eight species of Ranavirus that have been identified and referenced
in NCBI taxonomy (www.ncbi.nlm.nih.gov). These eight species include: Tiger frog virus
(TFV), Ambystoma tigrinum virus (ATV), Frog virus 3 (FV3), soft-shelled turtle iridovirus
(STIV), Epizootic haematopoietic necrosis virus (EHNV), Singapore grouper iridovirus (SGIV),
Bohle Iridovirus, and Grouper iridovirus (GIV)). Of all species within the Ranavirus genus, Frog
virus-3 (FV3) has been the most characterized, leading to the elucidation of several key features
in Ranavirus gene expression and pathology (Whitley, 2010).

FV3 virions can be either enveloped or non-enveloped. The non-enveloped virions consist of
three structurally distinct layers: first, a major capsid protein (roughly 50 kDa) located on the
surface, an internal lipid membrane, and an inner core containing the viral genome (Chinchar,
2011). The FV3 genome has been sequenced and a total of 98 open reading frames (ORFs) have
been identified (Tan et. al, 2004), with ORF 90R encoding the major capsid protein (Mao et. al.,
1996). Further analysis of the FV3 genome has shown it to be highly methylated (Willis and
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Granoff, 1980 as cited in Tan, 2004), with its genes expressed in a tightly regulated temporal
fashion (Mao, 1996). This includes the MCP which was identified as a late gene product, with its
expression controlled by two trans-acting proteins (Willis and Thompson, 1986 as cited in Tan,
2004). Furthermore, the MCP sequence has been shown to be highly conserved amongst the
Iridoviridae family. Specifically, MCPs belonging to the members of the Iridoviridae genera
were shown to share no less than 47 % sequence identity (Mao et. al., 1996). The fish
lymphocystis disease virus (FLDV) that is part of the Lymphocystivirus genus, was the most
identical to FV3 with 53% sequence identity (Mao et. al., 1996). The conservation of the MCP
sequence between the genera suggests an evolutionary importance of the MCP within the
Iridoviridae family.

Previous work has examined the function of the MCP protein in FV3 by knocking down gene
expression using an siRNA construct (Whitley et. al., 2010; Sample et. al., 2007). The
phenotypic changes following MCP knock down showed a 60 % decrease in virus titer in
culture, suggesting the function of MCP to be required for virus assembly (Whitley et. al., 2010).
More specifically, transmission electron microscopy images of fathead minnow (FHM) cells
containing MCP siRNA constructs showed the presence of incomplete and irregular virus
structural components within the virus assembly sites further demonstrating that the function of
MCP is critical in full virus maturation (Sample et. al. 2007).

There is a need for purified Ranavirus MCP which would allow the study of Ranavirus assembly
and pathology, with the goal of developing a specific form of treatment. Additionally, purified
MCP would also allow the development of a specific probe against this protein target, for the
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identification of Ranavirus in diagnostic techniques. To date, no FV3 protein has been expressed
and purified. Here we report the expression and purification of a recombinant Ranavirus FV3
MCP protein utilizing a Glutathione-S-Transferase (GST) affinity tag. This recombinant FV3
MCP protein should provide the field with a useful tool to further study Ranavirus pathology.

Methods
1. Expression of a GST-MCP fusion protein in E. coli

The Ranavirus FV-3 major capsid protein DNA sequence (accession no. gi49237388 NCBI) was
cloned into the pGEX-6P-1 expression vector by GeneWiz. The gene construct was then
transformed into BL21 E. coli cells (Fisher cat. no. C6000-03) by standard procedures. A 5 mL
culture of a transformed colony in Luria broth (LB) with 100 µg/mL of ampicillin) was grown
overnight at 37 ˚C at 225 rpm. The culture was then scaled up to a 1 L volume of LB containing
100 µg/mL of ampicillin and was inoculated with one fiftieth of the starter culture, grown to an
optical density (OD600) of 0.6, and induced by adding IPTG to 1 mM. To test various expression
conditions, the culture was then further incubated at 37 ˚C for 4 hours, 25 ˚C for 4 hours, or 25
˚C overnight. A non-induced control was included for each condition using the same starter
culture. The cells were harvested by centrifugation at 5,000 rpm using Beckman JA-10 fixed
angle rotor and re-suspended in 5 mL of resuspension buffer (1 x PBS = 137 mM NaCl, 2.7 mM
KCl, and 11.9 mM phosphate, pH 7.4) per gram of pellet wet weight. The cells were lysed by
sonication at 20 % amplitude, 10 % duty cycle for 5 minutes using a Q500 sonicator with a 1/8"
diameter tip. Based on the results (see below), induction at 25 ˚C and overnight was chosen for a
1L scaleup that was run as four 1 L flasks containing 250 mL culture each.
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2. GST-MCP purification by glutathione affinity chromatography

Recombinant Ranavirus FV-3 major capsid protein with an N-terminal glutathione-S-transferase
tag (GST_MCP) was purified from cell lysates via affinity chromatography using glutathione
sepharose (GSH) 4B resin (GE healthcare). Protein degradation was prevented by the addition of
protease inhibitor tablets (Fisher cat. no. A32963) in the resuspension buffer before cell lysis (1
tablet per 50 mL of resuspension buffer). First, cell lysates produced by sonication (induced and
non-induced control) were centrifuged at 17,000 rpm using Beckman JA-17 fixed angle rotor for
30 minutes at 4 ˚C to isolate the soluble protein. Roughly 125 mL of culture were subsequently
loaded onto a column containing 1 mL bed volume of GSH resin. The column was washed with
three column volumes of 1x PBS and eluted with 0.5 mL/bed volume of elution buffer (50 mM
Tris-HCl, 20 mM reduced glutathione, pH 8). The purity of the elution fractions was assessed by
4-12 % SDS-PAGE. All elution fractions were pooled, concentrated, and exchanged into 1x PBS
using a spin concentrator (Fisher cat. no. PI88528) with a MWCO of 10 kDa. The concentrated
and purified GST_MCP was quantitated by A280, aliquoted and stored at -80 ˚C for future use.
3. Immunodetection of GST-MCP in cell lysates

The expression and purification of recombinant GST_MCP was confirmed using antibodies
against the GST affinity tag in a western blot. First, transformed BL21 cells were cultured
following the optimized expression and induction procedure as described above. The cell density
of the final expression cultures (induced and non-induced control) was determined by measuring
the OD600. A total of 3 mL of each cell culture was centrifuged at 14,000 rpm for 10 minutes
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using Beckman JA-17 fixed angle rotor. The resulting pellets were lysed by resuspending with
200 µL of B-PER E. coli cell lysis buffer (Fisher part # 78243) per mL of cell culture followed
by vortexing. The cell lysates (induced and non-induced) were diluted 1:32 in 1x PBS buffer.
The diluted lysates were then prepared for SDS-PAGE by adding Novex Bolt lithium dodecyl
sulfate (LDS) sample buffer (Invitrogen) to a final 1x concentration, 50 mM DTT (Invitrogen)
and 0.025 U/µL of Benzonase nuclease (Sigma Aldrich cas. 9025-65-4). The OD600 was taken as
a measure of cell density then, a total of 20 µL from each lysate (corresponding to 0.4 OD600)
was loaded into each gel lane. Additionally, 0.21 µg of a purified GST_MCP aliquot was
included on the gel as a point of reference to compare bands from the induced cell lysate.

Following SDS-PAGE, a semi-dry transfer onto PVDF membrane (Thermo Scientific) was
performed for 1 hour at 55 mA using Novex NuPage transfer buffer (Invitrogen) containing 10
% methanol. The membrane was air-dried post transfer to ensure protein fixation onto the
membrane. The membrane was then re-activated with 100 % methanol and blocked for 1 hour
with 5 % non-fat dry milk in PBS-T (1x PBS containing 0.1 % Tween-20). The primary antiGST antibody (GE Healthcare) was diluted 1:1,000 in PBS-T containing 1 mg/mL of BSA and
incubated with the membrane overnight at 4 ˚C. The membrane was washed three times for 5
minutes in 10 mL TBS-T (137mM NaCl, 2.7 mM KCl, 25 mM tris, and 0.1 % Tween-20). The
secondary antibody conjugated to alkaline phosphatase (AP) (Thermo Scientific), was diluted
1:10,000 in TBS-T and incubated with the membrane for 2 hours at room temperature with
rotation. Finally, the immunoreactive GST-MCP protein was detected by addition of Novex AP
chromogenic substrate (Invitrogen).
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Results & Discussion
1. GST_-MCP expression and purification

The Ranavirus FV3 GST_MCP amino acid sequence and calculated properties are provided in
Figure 1.1 and table 1.1, respectively.

GST-MCP Fused:
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPK
ERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFP
KLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLEVLFQGPLGSPMSSVTGSGITSGFIDLATYDNLERAMYGG
SDATTYFVKEHYPVGWFTKLPSLAAKMSGNPAFGQQFSVGVPRSGDYILNAWLVLKTPEVELLAANQLGDNGTIRWTKNPMHNIVES
VTLSFNDISAQSFNTAYLDAWSEYTMPEAKRTGYYNMIGNTSDLINPAPATGQDGARVLPAKNLVLPLPFFFSRDSGLALPVVSLPY
NEIRITVKLRAIHDLLILQHNTTGAISPIVASDLAGGLPDTVEANVYMTVALITGDERQAMSSTVRDMVVEQVQAAPVHMVNPRNAT
TFHTDMRFSHAVKALMFMVQNVTHPSVGSNYTCVTPVVGVGNTVLEPALAVDPVKSASLVYENTTRLPDMGVEYYSLVEPWYYATSI
PVSTGHHLYSYALSLQDPHPSGSTNYGRLTNASLNVTLSAEATTAAAGGGGNNSGYTTAQKYALIVLAINHNIIRIMNGSMGFPIL
Figure 1.1. Fusion protein GST_MCP sequence. Protein sequence displaying fusion of GST
affinity tag (highlighted in gray) onto the N-terminus of Ranavirus FV3. A precision protease
cleavage site linking the two protein sequences is shown in red.

Table 1.1. Calculated parameters of GST_MCP by the program Emboss-PEPSTATS.
Molecular Weight (Da)
76,837.93
Residues
695
Isoelectric Point
6.0353
Charge
-5.0
A280 Molar Extinction Coefficient (reduced)
103,140
A280 Extinction Coefficient 1 mg/mL (reduced)
1.342
† Improbability of expression in inclusion bodies
0.671
† The

improbability of expression of inclusion bodies predicts a measure of solubility of fusion protein
expressed in E. coli cells based on the amino acid residues present in the sequence as described by the
Harrison model (Wilkson & Harrison, 1991). Here, it is predicted that roughly 67 % of the GST-MCP
expressed will be soluble.
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The FV3 MCP protein sequence was aligned with the MCP sequence of viruses within each of
the five different genera of the Iridoviridae family as shown in figure 1.2 by EMBOSS
CLUSTAL. The virus species aligned include: Lymphocystis disease virus 1 (LDV1) from
Lymphocystivirus genera (accession ADI43242.1), Wiseana iridescent virus (WIV) from
Chloriridovirus genera (accession O39163), Shrimp hemocyte iridescent virus (SHIV) of the
Decapodiridovirus genera (accession ATE87157.1), and Giant seaperch Iridovirus (GIV) from
the Megalocytivirus genera (accession AMM72756.1). The alignment indicated multiple regions
of high sequence identity with LDV1 being the most identical to FV3 sharing a 51.2 % sequence
identity. The conservation of the MCP protein sequences between multiple genera of Iridoviridae
viruses implies an evolutionary importance of the MCP.
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FV3
GSI
SHIV
WIV
LDV1

PMHNIVESVTLSFNDISAQSFNTAYLDAWSEYTMPEAKRTGYYNMIGNTSDLINPAPATG
LMHNLVEEVSVSFNDLVAQTLTSEFLDFWNACMMPGSKQSGYNKMIGMRSDLVGGIT--FMHNLIKKVSFNVNDLEIEKFDNYFLDFWNQFTLSSSKKDGYNNMIGNDDDLLIPKSKDG
LMHNLIREATITFNDLVAARFDNYHLDFWSAFTVPASKRTGYDNMIGNVSSLINPVAPGG
LFHNLIKQTSVQFNDLVAQKFESYFLDYWAAFSMCGSKRAGYNNMIGNTIDMIQPVDHTG
:**::...:. .**:
: . .** *
: :*: ** :***
.::

168
160
180
165
168

FV3
GSI
SHIV
WIV
LDV1

QDGARVLPAKNLVLPLPFFFSRDSGLALPVVSLPYNEIRITVKLRAIHDLLILQHNTT-G
--NGQTMPAAYLNLPIPLFFTRDTGLALPTVSLPYNEVRIHFKLRRWEDLLISQSTQADM
-----KIESKSLTLPIPFFFSRDSGLALPVGGVKWNKLRIDFEFRNWTELLILENVGAAH
NLG--STGGTNLNLPLPFFFSRDTGVALPTAALPYNEMQINFNFRDWTELLVLQNSALVA
-----MLPEKVLVLPLPYFFSRDSGVALPSAALPYNEIRLTFHLRDYTELLIFQHKQD-C
* **:* **:**:*:*** .: :*:::: ..:*
:**: :

227
218
235
223
222

FV3
GSI
SHIV
WIV
LDV1

A-----ISPIVASDLAGGLPDTVEANVYMTVALITGDERQAMSSTVRDMVVEQVQAAPVH
A-----ISTVTLANIGNVAPALTNVSVMGTYAVLTSEEREVVAQSSRSMLIEQCQVAPRV
NGEKNPCKVPQVGSDIAVAPSLSNVQCWVNGGLIPEAERARMGCVHRDMLIESIQTSSKL
P--ASPYVPIVVPTHLTVAPVLGPVQVWANYAIVSNEERRRMGCAIRDILIEQVQTAPRQ
T-----IIPITAADLEYGKPDLKDVQVWITNAVVTNEERRLMGTTPRDILVEQVQTAPKH
*
..
. .::
** :.
*.:::*. *.:

282
273
295
281
277

FV3
GSI
SHIV
WIV
LDV1

MVNPRNATTFHTDMRFSHAVKALMFMVQNVTHPSVGSNYTCVTPVVGVGNTVL-EPALAV
PVTPVDNSLVHLDLRFSHPVKALFFAVKNVTHRNVQSNYTAASPVYVNNK--VNLPLLAT
NFNPVLNPNPSYDIRFQRTVKALFFGVRNTTNPNVWSNYTTASPVPDADKIDFDPDQSAF
NYTPLTNASPTFDIRFSHAIKALFFSVRNKTSASEWSNYATSSPVVTGA-TVNFEPTGSF
VFQPLTIPSPNFDIRFSHAIKLLFFGVRNTTHAAVQSNYTTASPVILEEAYASDLSLVAA
*
*:**.: :* *:* *:* *
***: :**
:

341
331
355
340
337

FV3
GSI
SHIV
WIV
LDV1

DPVKSASLVYENTTRLPDMGVEYYSLVEPWYYATSIPVSTGHHLYSYALSLQDPHPSGST
NPLSEVSLIYENTPRLHQMGVDYFTSVDPYYFAPSMPEMDGVMTYCYTLDMGNINPMGST
DPIGTANIRYESSDRIPVMTADYFSLIEPYYKAPAIPELTGYHMFSYALKMNNVDPSGSA
DPIANTTLIYENTNRLGAMGSDYFSLINPFYHAPTIPSFIGYHLYSYSLHFYDLDPMGST
DPIANVTLVYENSARLNEMGSEYYSLVQPYYFGGSIPIETGYHMYCYSLNMMDMDPMGST
:*: ..: **.: *: * :*:: ::*:* . ::*
*
:.*:* : : .* **:

401
391
415
400
397

FV3
GSI
SHIV
WIV
LDV1

NYGRLTNASLNVTLSAEATTAAAGGGGNNSGYTTAQKYALIVLAINHNIIRIMNGSMGFP
NYGRLSNVTLSCKVSDNAKTTAAGGGGNGTGYTVAQKFELVVIAVNHNIMKIADGAAGFP
NYSILNNVSIQLQCSEAAIKAAKGEGEAKTGTDYAQSFQFLVIAISQNVLTLKNGMLGLP
NYGKLTNVSVVPQASPAAVNA-ASGAGGFPGSDYPQSYEFVIVAVNNNIVRISGGETPQN
NYGRLSNVSMKLKTSDKAVVNAGGGGGNMSGYKDAQKFEFLTMAINHNVIRIKNGSMGFP
**. *.*.::
* *
. .
*
*.: :: :*:.:*:: : .*

461
451
475
459
457

Figure 1.2. Alignment of Iridoviridae viral major capsid proteins by EMBOSS CLUSTAL.
The alignment is shown with Ranavirus FV3 starting from amino acid position 109 to 457
against the five different genera of the Iridoviridae family: LDV1, WIV, SHIV, and GIV.
Positions of sequence conservation are shown with identical amino acids are indicated by
asterisk, followed by highly similar and similar amino acids denoted by the colon and period,
respectively. Amino acid positions are indicated to the right.
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Upon SDS-PAGE analysis of the various expression conditions, a more prominent purified
GST_MCP protein band was seen for the 25 ˚C overnight expression compared to 25 ˚C 4 hour
expression (Figure 1.3). A very faint protein band was detected under 37 ˚C / 4 hour expression
conditions (data not shown) suggesting that little to no protein was expressed under these
conditions. The purified fusion protein was detected on the SDS-PAGE as two bands, one at a
MW of ~60 kDa and the other at ~55 kDa, both of which deviate from the expected MW of 77
kDa for GST-MCP. The presence of a two protein bands in the purified elution fraction, both
running at a lower MW than expected, may indicate that the full length fusion protein (77 kDa) is
being degraded at some point during the expression and purification procedure.

FT
(+)

25 ˚C – 4 hours
FT E1
E2
(-)

E3

25 ˚C – Overnight
FT FT
E1 E2
(+)
(-)

E3

98
62
49
38

28

Figure 1.3. SDS-PAGE showing GST-MCP expressed under two different conditions.
Recombinant GST_MCP was expressed in BL21 E. coli cells containing 100 µg/mL of
ampicillin and induced with IPTG at a concentration of 1 mM at 25 ˚C for 4 hours (left) and 25
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˚C overnight (right). A non-induced control was included for each condition. The soluble protein
fractions from each culture (induced and non-induced controls) were purified in parallel using a
GSH affinity resin in a batch procedure and analyzed by 4-12 % SDS-PAGE. Purified samples
included the flow-through fraction for the induced cells as indicated by “FT (+)” as well as the
flow-through fraction for the non-induced controls, as indicated by “FT (-)”. The elution
fractions (1 mL) were collected and assessed for the presence of recombinant GST_MCP,
indicated as E1, E2, and E3. The expected molecular weight for GST_MCP is 77 kDa. Possible
degradation of the recombinant GST-MCP was evident in the elution fractions by the presence of
bands at ≈ 60 kDa (red arrow) and ≈ 55 kDa (black arrow). SeeBlue Plus2 Pre—Stained protein
standard (5 µL) was used (far left) with sizes indicated in (kDa).

It is possible that the fusion protein is being degraded by proteases that are present in the E. coli
lysate after sonication. This possibility was examined by including protease inhibitors in the
resuspension buffer directly before cell lysis. It was expected that degradation of the fusion
protein would therefore be prevented if it were due to activate proteases present, resulting in only
one protein band being detected in SDS-PAGE at the expected MW of 77 kDa. However, even
after including protease inhibitors, the SDS-PAGE analysis showed the same two bands at 66
kDa and 50 kDa (lanes “+P” and “-P”; Figure 1.4). This finding suggests that the two
degradation bands seen in the GST-MCP elution fractions were not due to protease activity as
protease inhibitors would have prevented proteolytic activity of the fusion protein and no change
was seen in SDS-PAGE of lysates with or without protease inhibitor tablets included. The
presence of a third protein band was also revealed in this SDS-PAGE, seen at ~27 kDa,
corresponding to roughly the MW of the GST affinity tag (red arrow, figure 1.4).
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Figure 1.4. Inclusion of protease inhibitors for assessment of GST_MCP protein
degradation. Recombinant GST_MCP expression in BL21 E. coli cells was scaled up at the
optimal induction condition with 1 mM IPTG at 25 ˚C. The cell cultures were treated with and
without Pierce protease inhibitor tablets that were included in the resuspension buffer (indicated
as +P and – P, respectively) to assess the degradation of the fusion protein. A non-induced control
(NI) was included and purified in parallel with the induced cell cultures. A third protein band was
seen in both induced cultures at ~27 kDa (red arrow), the MW of the GST affinity tag. SeeBlue
Plus2 Pre—Stained protein standard (5 µL) was used, denoted as “L” and band sizes are
indicated in kDa.
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To further analyze the nature of the third protein band at 27 kDa, a protein representing the GST
affinity tag by itself (purchased from Abnova cat. no. P0001) was loaded in a gel lane next to the
purified elution fraction of GST_MCP (figure 1.5).

Figure 1.5. 12-14 % SDS-PAGE of purified GST_MCP and free GST affinity tag protein.
The 3rd band is shown at the same molecular weight as the GST affinity tag protein at ≈27 kDa
(red arrow). Novex Sharp pre-stained protein standard (5 µL, labeled “L”) was used and band
sizes are indicated in kDa.

The third protein band in the GST-MCP elution fraction was detected at about the same MW of
27 kDa when compared to the free GST affinity tag protein (figure 1.5; red arrow). This finding
suggests that the third protein band seen in the purified GST_MCP preparation at 27 kDa could
represent free GST affinity tag, resulting from rather specific cleavage of the GST tag from GSTMCP. Previous work with GST fusion proteins has led to similar findings (Nakano et. al., 1994).

12

Specifically, it was found that the GST fusion proteins get cleaved at their PreScission Protease
site (as shown in figure 1.1, red highlight). A similar statement was made by ThermoFisher
technical teams “For reasons that have not been fully characterized in the literature, the structure
of the GST-fusion tag often degrades upon denaturation and reduction for protein gel
electrophoresis (e.g., SDS-PAGE). As a result, electrophoresed samples of GST-fusion proteins
often appear as a ladder of lower MW bands below the full-sized fusion protein” (“Pierce Protein
Methods”). Altogether indicating, that the multiple protein bands as detected on these SDSPAGE protein gels for GST-MCP fusion protein is a common artifact seen for all GST fusion
proteins.

2. Immunological Detection of GST_MCP in cell lysate by western blot

In order to confirm the identity of the bands on the protein gels as the GST-MCP fusion protein,
further confirmation was undertaken by western blotting with antibodies against the GST tag
(figure 1.6). Upon development with AP substrate, two major bands were detected in the purified
GST-MCP fraction (lane labeled “GST_MCP”). The band at ~77 kDa as indicated by a red star
in figure 1.6 has the expected MW for the recombinant fusion protein GST-MCP. The additional
band migrating at ~27 kDa corresponds to the GST tag. The additional bands present in the
purified GST-MCP preparation analyzed were also seen in the induced cell lysate lane, (labeled
“(+)” in figure 1.6). These bands were not present in the non-induced lysates (lanes labeled “()”). Taken together, these results therefore suggest that full-length GST-MCP was at least
initially, efficiently expressed in E. coli for subsequent purification. The presence of the
immunoreactive 27 kDa GST tag further supports the notion that the degradation of the
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recombinant protein is due to the cleavage of the GST affinity tag rather than random
proteolysis.

GST- (+) (-)
MCP

M
-- 170
-- 130
-- 95
-- 72
-- 55
-- 43
-- 34
-- 26
-- 17

Figure 1.6. Immunodetection of GST_MCP from total cell lysates. A 32 fold dilution of
induced (+) and non-induced (-) BL21 E. coli total cell lysates expressing recombinant protein
GST-MCP were loaded (20 µL) onto a 4-12 % SDS-PAGE gel for subsequent western blot
analysis. Molecular size marker (M) is NEB Pre-stained Protein Standard, Broad Range with
band sizes indicated in kDa.
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Conclusions
In conclusion, to our knowledge we report for the first time the expression and purification of
Ranavirus FV3 MCP in E. coli. Given the importance of the MCP in Ranavirus virion
development (Whitley et. al., 2010; Sample et. al., 2007), our methods provide researchers with a
simple means of mass producing purified MCP, to be used as a tool for the study of Ranavirus
pathology. One example is the production of a binding probe specific for Ranavirus MCP, to be
used in diagnostic techniques.
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Discovery of DNA aptamers for the identification of Ranavirus

Introduction

Frog virus 3 (FV3) is a species of Ranavirus within the family Iridoviridae known to infect
amphibians, reptiles and fish (Chinchar et. al.,2011). Ranavirus is a large double stranded DNA
virus whose virions have an icosahedral shape and a major capsid protein (MCP) that contributes
up to 50 % of their total mass (Gray et. al. 2009). The virions may be either enveloped or nonenveloped with the non-enveloped type exposing the MCP on the surface of the virus (Chinchar
et. al., 2011).

Ranavirus FV3 is an emerging disease known to cause rapid population die-offs amongst
amphibians, reptiles and fish. Within the US Ranavirus was responsible for 43 % of amphibian
die-offs (Grey et. al. 2009). Ranavirus outbreak would pose a major threat to commercially
traded, captive, and wild animal populations. It is estimated that nearly 640,000 reptiles and 350
million fish are traded globally each year, representing billions of dollars that would be lost if
disease outbreak were to occur (Karesh 2005). In 2002, an outbreak of chytridiomycosis, an
amphibian fungal disease, lead to the extinction of 200 species of frogs due to a lack of effective
surveillance and early disease detection (Grogan et. al. 2014). It was noted by The Northeast
Wildlife Disease Cooperative (“Ranavirus”, 2020) that Ranavirus exhibits a mortality rate of 90 100 %, which reflects the capacity of Ranavirus to cause extinctions. Due to the high mortality
rates and widespread transmission, Ranavirus is an emerging disease that must be given
considerably more attention to direct conservation strategies.
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Despite the significant ecological and potential economic impact of Ranavirus, fast and simple
detection methods are still limited. Current detection methods that have been shown to
successfully identify Ranavirus from field samples include Polymerase Chain Reaction (PCR)
and real-time quantitative PCR (qPCR), electron microscopy, and histological sampling
(Ramírez-Castillo et. al. 2015). Although these methods are successful in disease identification,
the techniques still require significant time, expense, and expertise. A simple test to be used
directly in the field and accurately produce data in rapid time is needed to allow for efficient
detection of Ranavirus and to produce large amounts of data to minimize its spread and prevent
population die offs. To address the need for a diagnostic test, first, the development of a stable
probe against this virus target is required. A Gold Immunochromatography Assay (GICA) test
has been developed by Kim et al., (2015) to rapidly detect Ranavirus from lab samples that used
antibodies as the detection probe. The development of the GICA test by Kim et al., (2015)
demonstrates its potential as a simple and efficient means of detecting Ranavirus. For field
detection purposes, however, a more thermostable probe may be better suited for Ranavirus
detection.

Since their discovery in 1990 by Ellington & Szostak, 1990, aptamers have shown to be akin to
antibodies as efficient molecular probes that can bind specifically to a wide variety of targets.
Aptamers are short (20mer-100mer) single stranded RNA or DNA sequences that bind to their
targets with high affinity and specificity by folding into unique three-dimensional structures.
Aptamers are made synthetically as a massive library consisting of 1014 to 1016 random
sequences (Ellington & Szostak, 1990). The sequences are flanked on each end with constant
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primer binding sites that enable reamplification of the nucleic acids by Polymerase Chain
Reaction (PCR). Each aptamer is unique due to differences in a variable region found between
the primer sites (figure 2.1a). Each primer site generally comprises of ~20-24 nucleotides and is
located on either end of the aptamer sequence. The differences in the variable sequences dictate
the folding pattern by the aptamer into unique three-dimensional structures that can consist of
stem loops, hairpins, and junctions (figure 2.1b). These structures interact with desired targets
through non-covalent interactions such as, Van der Waals and electrostatic interactions, and
hydrogen bonding (Ku et al., 2015; Stoltenburg et al., 2007).

a. Unfolded aptamer

b. Folded aptamer

Stem loop
junction
Heat denaturation 95 ˚C
+ Mg2+
N30 variable region

hairpin

Figure 2.1. Aptamer structure and folding patterns. The unfolded aptamer depicted in (a)
shows the aptamer variable region in red where sequences vary with constant primer binding
sites flanking each end of the aptamer in black. After being subjected to high temperatures (95
˚C) in the presence of Mg2+ that is used to stabilize the repelling negative charges of the DNA
phosphate backbone, the variable sequence folds into unique three-dimensional structures, as
shown in (b). Due to differences in the interactions of A/T and G/C nucleotide compositions, the
folding patterns give rise to unique structures such as stem loops, hairpin loops and junctions
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joining these structural components. This unique three-dimensional structure enables aptamers to
bind a wide variety of targets.

Aptamers have high discriminating power and have shown to be able to distinguish differences
between enantiomers (Geiger et al., 1996) proving their potential as effective molecular
diagnostic tools. The use of aptamers as molecular probes offers several advantages from the
traditional antibody-based method. First, the ease and fast production of aptamers by PCR allows
them to be easily selected and readily modified by chemical means. Additionally, aptamers have
the capability to fold reversibly (Ku et al., 2015) making them more tolerant to differing
environmental conditions (high temperatures, extreme pH, and salt concentrations).

The use of aptamers in diagnostic testing has shown to be successful against a wide variety of
targets such as small molecules, whole cells, and proteins (Ellington & Szostak, 1990; Sefah et
al., 2009; Tran et al., 2010). For example, aptamers developed against a GST fused, cancer
biomarker, Anterior Gradient Homolog 2 (ARG2) protein, demonstrated high specificity for the
protein target with nanomolar binding affinity (Wu et al., 2012). In viral diagnostics, aptamers
selected against respiratory syncytial virus (RSV) were shown to be stable in human throat swabs
and discriminate RSV from non-specific human rhinovirus (the common cold virus) with
nanomolar binding affinity; the KD between RSV and one specific aptamer was found to be 30
nM (Percze et al., 2017). More closely related to our work, DNA aptamers have been developed
against an additional Ranavirus isolate, Singapore grouper Iridovirus (SGIV), a fish infecting
pathogen. Specifically, aptamers were developed against purified SGIV virus particles. A
specific SGIV aptamer was capable of detecting SGIV from tissue samples and exhibited a KD of
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12 nM against the whole virus particles (Li et al, 2014, 2015). The previous success of these
aptamers demonstrates the potential in developing aptamers against Ranavirus FV3 to serve as
stable and reliable detection probes.

Aptamers are selected against their targets in vitro using repeated cycles of binding and washing
steps that continuously isolate and amplify the binding aptamer sequences. This selection
method, coined SELEX for Systematic Evolution of Ligands by Exponential enrichment, was
first developed in the 1990s using RNA aptamers and was based off the standard premise of
evolution – variation, selection, and replication (Ellington & Szostak, 1990; Tuerk & Gold,
1990). The method directs the enrichment of a completely randomized pool of aptamers by
allowing the aptamers and desired target to bind with increasing selection cycles and
continuously amplifies the binding library by Polymerase Chain Reaction (PCR) until an
exponential increase of specific binding aptamers is achieved (Tuerk & Gold, 1990). Since its
initial development, SELEX has continuously been adapted and modified for its use in the
discovery of aptamers using a wide variety of techniques. Specific adaptations of the SELEX
technologies have included a “toggle-SELEX” technique, which generates cross-reactive
aptamers by selecting against two targets (White et al., 2001 as cited in Stoltenburg et al., 2007).

In general, the SELEX process consists of three steps: i) incubation of the aptamer library with
desired target, ii) separation of binding aptamer sequences from non-binding aptamers, and iii)
amplification of binding sequences by PCR for the generation of the enriched binding aptamer
library (Shangguan et al., 2015). The SELEX method relies significantly on the ability to
separate binding and non-binding sequences. Failure to do so has detrimental impacts on the
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specificity of the final selected library (Stoltenburg et al., 2007). The library of binding aptamers
is continuously enriched by increasing the stringency of binding conditions. This includes:
decreasing the incubation time, increasing the number of washes, reducing target concentration
and altering the buffer composition (Stoltenburg et al., 2007). Furthermore, library enrichment
can be enhanced by the removal of promiscuous aptamers that may bind non-specifically to
similar targets through a negative selection step. Generally, the negative selection step is
performed after the first round of SELEX and involves incubating the target-specific binding
aptamers with a similar non-specific target. For negative SELEX rounds, the non-binding
aptamer sequences (ones that bound specifically in the first round and did not bind
promiscuously to the undesired target) are collected, amplified, and subjected to further stringent
conditions with the desired target.

Aptamer discovery through SELEX methods is consistently described as a “black box” in data
analysis as the enriched aptamer sequences are not revealed until the last round of SELEX.
Consequently, increased selection rounds are performed that otherwise may have not been
necessary (Schütze et al., 2011). The classic approach to analyzing the SELEX method involves
cloning the final library of binding aptamers into sequencing vectors, transforming these into
bacteria, picking individual colonies, and finally purifying the plasmids contained in the cells to
be sequenced by Sanger technologies. While the Sanger method has shown to be successful for
the identification of selected aptamers with conserved motifs within the final library (Shangguan
et al., 2015), the process is time consuming, cumbersome and realistically can only produce ~100
sequence isolates to be representative of the final aptamer library.
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The use of Next-Generation Sequencing (NGS) technology has enabled researchers to dissect the
entire SELEX process by sequencing millions of aptamer sequences present throughout every
selection round. By doing so, NGS has elucidated several features of the SELEX process and has
overcome the limitations imposed by Sanger methods. Specifically, NGS analysis has been able
to identify aptamers that were enriched in earlier selection rounds, as early as round three. These
binding aptamers enriched in earlier rounds of selection have been shown to have the highest
binding affinities to the target, rather than the sequence that appeared the most times in the final
round (Schütze et al., 2011). Altogether, these results demonstrate the benefits of NGS over
Sanger methods. With its advantages, NGS has also identified some drawbacks with the SELEX
process. Although increased selection rounds would presume to be advantageous as one would
expect to only enrich tighter binding aptamers, previous work has demonstrated (through NGS)
that increased selection rounds can induce PCR mutations in the aptamer libraries (Takahashi et
al., 2016). Increasing selection rounds, therefore, can lead to the enrichment of PCR artifacts and
nucleotide biased sequences. Ultimately the use of NGS technologies can elucidate the SELEX
process and thereby improve the discovery of more effective aptamers.

This work intended to enrich a starting library of aptamers (~1014 randomized sequences) to
those that are specific towards Ranavirus through SELEX methods. A dual SELEX approach
was implemented, similar to the work described by White et al. (2001). The dual SELEX
approach used two Ranavirus targets, whole Ranavirus FV3 virion particles and its major capsid
protein. The Ranavirus FV3 major capsid protein had been produced as a recombinant protein
fused to a Glutathione-S-Transferase (GST) affinity tag (see chapter 1) for these selection
methods. Two starting libraries of aptamers were selected against these targets in parallel. Then,
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after sufficient selection rounds, the whole Ranavirus FV3 virion discriminating aptamers were
cross reacted with the recombinant MCP target. By doing so, the goal was to generate a
potentially dual specific aptamer library that can possibly recognize both whole virus particles
and Ranavirus FV3 major capsid protein, and additionally, increase the likelihood of obtaining
the best aptamer binders to be used as diagnostic probes. A small of pool of specific aptamers
was identified through Sanger and NGS sequencing analysis. In future work, the aptamers
identified by sequencing methods will be further characterized in binding studies to potentially
demonstrate affinity towards Ranavirus.

The use of aptamers as molecular probes for the detection of Ranavirus will be the most suitable
probe for the identification of Ranavirus in the field as nucleic acids are more tolerant to
differing environmental conditions. Ultimately, the final aptamers identified and described here
may potentially be used as the diagnostic probe for the development of a rapid, field-usable,
detection test for Ranavirus. The development of a simple and stable test can directly impact
conservation strategies and potentially limit the ecological and economic impacts of Ranavirus
outbreaks.

Methods
1. Aptamer Library and PCR amplifications

The initial starting DNA aptamer library (purchased from Trilink, N30, cat. no. O-32001-30, 10
nmoles = 250 µg) consisted of roughly 1014 76mer sequences, each consisting of an N30mer
variable region flanked on either end by constant primer sites: FWD 5'

23

TAGGGAAGAGAAGGACATATGAT 3' (23 nucleotides) and REV biotin 5'
TCAAGTGGTCATGTACTAGTCAA 3'(23 nucleotides). PCR reactions were performed in a
100 µL volume consisting of 0.2 mM dNTP mix, 0.4 µM forward selection primer, 0.4 µM
reverse biotinylated primer, 1 µL of taq polymerase (Promega) corresponding to a concentration
of 0.1 U/µL, and finally 5 µL of template DNA. The taq polymerase was supplied with its own
buffer (provided with enzyme, purchased from Promega) that was diluted to 1x in all PCR
reactions. The optimal amplification conditions were determined to be as follows: 95˚C for 2
minutes, 95 ˚C for 30 seconds, 56 ˚C for 30 seconds, 72 ˚C for 2 minutes and 72˚C for 7 minutes
for 15 cycles. Amplification of aptamer libraries enriched in both GST_MCP and virus binders
were performed in parallel. For the GST-MCP bound aptamers, a 10-minute denaturation step
was performed at 95 ˚C prior to PCR to elute the bound aptamers off the protein. The success of
amplification reactions was monitored on 4 % agarose gels.

2. Generation of single stranded DNA libraries

Regeneration of ssDNA sequences from double-stranded amplicons was performed using
streptavidin Dynabeads M-280 (Thermofisher). First, the beads were washed three times with an
equal volume of 2x binding and washing buffer (2 M NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH
7.5). Then, 90 µL of the PCR reaction (as described in section 1) containing the aptamer dsDNA
product was reacted with 100 µL of the streptavidin beads (1 mg) and incubated for 10 minutes
with constant rotation at 4 ˚C. The immobilized dsDNA was washed 3 times with 1 mL of 1x
PBS pH 7.4. Strand denaturation was accomplished by adding 50 µL of 100 mM NaOH and
incubating for 5 minutes at room temperature. The tube was then placed next to a magnet to pull
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out the biotinylated reverse strand, followed by removal of the isolated sense strand, present in
the supernatant, and immediate neutralization with 10 µL 1 M NaH 2PO4. The regenerated
ssDNA aptamer library was brought to 1x folding buffer (prepared in 1x PBS (137 mM NaCl,
2.7 mM KCl, and 11.9 mM phosphate) with 1 mM MgCl2, pH 7.4) and heated at 95 ˚C for 3
minutes. The aptamers were allowed to cool slowly to room temperature on a lab bench for 15
minutes to allow for proper folding into tertiary structures prior to each SELEX step for all
selection procedures. The folded library was stored at 4 ˚C.

3. Systematic evolution of ligands by exponential enrichment (SELEX) with Ranavirus MCP

The recombinant protein, GST_MPC, was prepared as described in chapter one and was thawed
on ice prior to each SELEX procedure. The selection of aptamers against GST-MCP was
performed in batch mode using GSH sepharose resin (GE Healthcare) as described by Murphy
et. al., 2003. To immobilize GST-MCP, a 5 % resin slurry (10 µL of resin beads and 190 µL of
1x PBS, pH 7.4) corresponding to approximately 50 µg binding capacity was prepared and
brought to a final volume of 200 µL. Then, an excess of purified GST_MCP (between 55-75 µg)
was added. The slurry containing GST-MCP was incubated overnight at 4 ˚C without mixing and
subsequently centrifuged at 5,000 rpm for 5 minutes to allow removal of any unbound
GST_MCP present in the supernatant. For the first round of SELEX, 1 nmol of the initial
aptamer library (corresponding to 25 µg of the whole original aptamer library supplied by
Trilink) was incubated for one hour with the immobilized GST-MCP in selection buffer (20 µg
BSA /mL, 0.1 % Tween-20, 0.1 µg/mL poly dIdc in 1x PBS, pH 7.4) in a final volume of 500 µL
at 4 ˚C. The use of poly dIdC (purchased from Sigma Aldrich cat. no. P4929-5UN), a double-
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stranded DNA copolymer, was included in the selection buffer to prevent non-specific binding of
aptamers. The non-binding aptamers present in the supernatant were removed by centrifugation
at 5,000 rpm for 5 min. The aptamers that were bound to GST-MCP in the resin pellet were
washed three times with 1 mL of selection buffer. To elute the GST-MCP-aptamer complexes
off the beads, 40 µL of elution buffer (50 mM Tris-HCl, 20 mM reduced glutathione, pH 8) was
incubated for 15 minutes with the resin pellet followed by centrifugation at 5,000 rpm. The
resulting supernatant containing the GST-MCP-aptamer complexes was removed and used
directly in PCR (see “Aptamer Library and PCR amplifications” methods).

4. Systematic evolution of ligands by exponential enrichment (SELEX) with whole Ranavirus
particles

A separate SELEX method was performed in parallel to the MCP selection using 1 nanomole of
starting unselected aptamer library to select for aptamers against whole Ranavirus particles.
Separation of binding and non-binding aptamers was accomplished using a Pierce
polyethersulfone (PES) spin concentrator (ThermoScientific cat. no. PI88503) with a 100 kDa
molecular weight cutoff. For the first round, 100 µL of Ranavirus FV-3 (purchased from
American Type Culture Collection) with a titer of of 1.8 x 108 PFU/mL was incubated with 1
nmol of the initial aptamer library in a total volume of 300 µL of selection buffer for 1 hour at
room temperature. Samples were loaded into the concentrators and they were centrifuged at
12,000 rpm using Fisherbrand High Speed Mini-Centrifuge (cat. no. 12006900) for 5 min to
filter out the non-binding aptamers. The filter chamber containing non-binding aptamers was
discarded while the sample chamber containing virus and bound aptamers was placed into a fresh
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filter tube for performing the subsequent wash steps. The virus bound aptamer complex was
washed 7 times with 500 µL of selection buffer while replacing the filter chamber after each
wash. Finally, to isolate the aptamers bound to the virus, the aptamer-virus complex was treated
with 50 µL of 100 mM NaOH for 10 min in the sample chamber. Subsequently, the spin
concentrator was replaced with a fresh filter tube and again, centrifuged at 12,000 rpm to collect
the binding aptamers in the filter tube. Eluted aptamers were immediately neutralized by the
addition of 10 µL of 1 M NaH2PO4 into the filter tube and used directly in the next PCR.

5. Counterselections and selections under increased stringency conditions

Negative SELEX selection procedures were performed prior to the start of stringent conditions
for both GST-MCP and whole virus targets (SELEX rounds 2) to eliminate any non-specific
binding aptamers. The aptamers selected against Ranavirus MCP were counter screened with 5575 µg of GST fused human rhinovirus protease (kindly provided by Naoko Tanaka at Stevens
Institute) using three-fold extra of GSH sepharose resin (30 µL resin beads) in total volume of
200 µL following the same procedure as described in “3. SELEX with Ranavirus MCP.” The
goal of the negative SELEX was to remove aptamers that bound non-specifically to either the
resin, GST affinity tag, and/or unrelated protein. Additional rounds of negative SELEX were
performed for the GST-MCP target between rounds 3 and 4 and between rounds 5 and 6 of
stringent SELEX.

The aptamers selected against the whole Ranavirus target were counter screened with 100 µL of
Sindbis virus at a titer of 1 x 107 PFU/mL (kindly provided by Dr. Sandra Adams, Montclair
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State University) to remove aptamers that bound to unrelated virus in round 2 of virus SELEX
following the same procedure as described above in “SELEX with whole Ranavirus particles.”
Three additional negative SELEX procedures were performed directly following round 6 of virus
SELEX (rounds 7-9) to remove any aptamers that bound non-specifically to Fetal Bovine Serum
(FBS) proteins present in the viral storage media. The aptamers were counter screened using the
viral storage media, Minimum Essential Media with Hanks’ balanced salts (Thermofisher cat.
no. 11575032), containing 10% (volume/volume) Fetal Bovine Serum (FBS) purchased from
ThermoFisher (cat. no. FB12999102) following the same procedures as described in “4. SELEX
with whole Ranavirus particles.” For each counterselection, GST-MCP and whole virus targets,
the non-binding aptamers were collected for further enrichment and non-specific binding
aptamers were collected to monitor the partitioning of aptamers.

A total of 6 rounds of stringent SELEX procedures were performed in parallel for both
Ranavirus GST-MCP and whole virus targets. The stringency was increased by decreasing the
incubation time, increasing the number of washes for rounds 3-5, and doubling the salt
concentration from 137 mM NaCl to 274 mM NaCl in the selection buffer for round 6 of SELEX
(see table 2.1).
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Table 2.1. Stringency conditions for SELEX rounds
Target
†Ranavirus whole virus particles
Stringency
Round #
incubation
# washes [NaCl]
time (min)
(mM)
1
counter
selection

††Ranavirus

MCP
Stringency
incubation # washes [NaCl]
time (min)
(mM)

60
7
137
Same stringency as round 1 using
Sindbis virus

60
5
137
Same stringency as round 1 using
extra resin and GST fused human
rhinovirus protease
3
45
7
137
45
5
137
4
30
9
137
30
15
137
5
20
12
137
20
10
137
6
20
15
274
20
15
274
† Three counter selections were performed after round 6 against the viral storage media
containing Fetal Bovine Serum proteins
††Additional counter selections were performed between rounds 3 and 4 and between rounds 5
and 6.

6. Cross-selecting the virus aptamer library with the GST_MCP protein target

The aptamers selected against intact Ranavirus particles over 6 rounds were subsequently cross
reacted with GST-MCP protein, with the goal of generating a dual-specificity aptamer library
recognizing both virus and purified GST-MCP. The cross-reaction SELEX (round 10, which
produced aptamer library S10) was carried out in a batch procedure as previously described for
the first round of SELEX for the GST-MCP target. An additional stringent round (round 11,
which produced aptamer library S11) was performed with the cross-reacted library by decreasing
the incubation time to 20 minutes and increasing the number of washes to 10. Round 12, which
produced aptamer library S12, consisted of another counterselection using GST fused human
rhinovirus and 3-fold extra of GSH sepharose resin (30 µL resin beads) to further eliminate any
residual non-specific binding aptamers. Upon completion of the cross-reaction SELEX (rounds
10 – 12), a final Ranavirus aptamer binding library (library S12 produced from round 12) was
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generated that is presumed to recognize both whole virions and recombinant GST-MCP (see
figure 2.2).

Virus SELEX

SELEX rounds

1 nmol initial starting library

MCP SELEX
1 nmol initial starting library

M1
M2
M3
M4
M5
M6

V1
V2
V3
V4
V5
V6
Un-clean virus library

Clean MCP library

V7
V8
V9
Clean virus library

GST-MCP target

S10
S11
S12
Final Ranavirus Library

Figure 2.2. Schematic diagram of SELEX rounds performed. Two separate SELEX trains
were performed in parallel, each was started using 1 nanomole of the unselected starting library
corresponding to about 1014 sequences. Selections with whole Ranavirus virions are denoted
“Virus SELEX” (pink) while selections with recombinant MCP are denoted “MCP SELEX”
(green). The initial unselected libraries represent round 0 for both Virus SELEX and MCP
SELEX. A total of 6 SELEX rounds were performed in parallel for both Virus (rounds 1-6
producing libraries V1-V6, respectively) and MCP (rounds 1-6, producing libraries M1-M6
respectively) SELEX methods, with SELEX rounds 2 (producing libraries V2 for virus SELEX
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and M2 for MCP SELEX) representing the negative selections. Two additional negative
selection rounds (between stringent rounds 3 and 4 and between rounds 5 and 6) were performed
for MCP SELEX, generating a “clean” library of aptamers (M6 library) specific towards the
MCP target, denoted as “Clean MCP library”. An additional 3 rounds of negative selection were
performed following the Virus SELEX round 6 (SELEX rounds 7-9 resulting in libraries V7-V9,
pink arrow) that had not been selected against the Fetal Bovine proteins present in the viral
storage media, denoted as the “un-clean virus library” (library V6). The resulting library
obtained from SELEX round 9 produced a “clean virus library” (library V9) the members of
which are presumed to be specific towards Ranavirus whole virion targets. The clean virus
library (V9) was cross selected against the recombinant GST-MCP target in SELEX rounds 1012 producing libraries S10-S12 (blue arrow) to generate a potentially dual-specific aptamer
library that may be able to recognize both virus and GST-MCP, denoted as “Final Ranavirus
library” (library round S12) in blue.

7. Cloning & Sanger sequencing of aptamers from M6 and S12 libraries

The final aptamer libraries obtained from MCP SELEX round 6 (M6 library) as well as the final
cross reacted virus library from round 12 (S12 library), were amplified by PCR using iProof high
fidelity DNA polymerase (Biorad cat. no. 1725301) along with the FWD primer
(TAGGGAAGAGAAGGACATATGAT) and non-biotinylated REV primer
(TCAAGTGGTCATGTACTAGTCAA) to produce blunt ended products. The PCR reactions
were performed in 100 µl volume under the same amplification conditions as described above.
The products were analyzed on a 4% agarose gel.
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The blunt ended PCR products were cloned into a TOPO_BluntII PCR sequencing vector using
the Zero Blunt TOPO PCR cloning kit following the manufacturers protocol (Invitrogen
MAN0000062). The cloning reactions were performed by adding the following reagents in
order: 2 µl of aptamer blunt ended PCR product, 2 µl of water, 1 µl of salt solution and 1 µl of
vector for a final volume of 6 µl for each reaction. The cloning reactions were incubated at room
temperature for 20 minutes to maximize the efficiency of cloning for the DNA pools. The cloned
reactions were then transformed into MAX efficiency DH5-alpha chemically competent cells
(Invitrogen) following the manufacturers protocol.

Plasmid DNAs corresponding to 100 transformant colonies from the S12 library and 24
transformant colonies from the M6 library were purified using the Qiagen mini-prep kit. Cells
corresponding to the plasmid DNAs were stored in 96-well plates in 50 % glycerol for future
use. All purified plasmid preps were sequenced by Sanger sequencing using M13 FWD
(GTAAAACGACGGCCAG) and REV (CAGGAAACAGCTATGAC) primers.

8. Next-Generation Sequencing of aptamer libraries using the Illumina Miseq platform

The methods described here follow the Illumina manual for 16S Metagenomic Sequencing
Library Preparation (part# 15044223) with minor modifications, using the specific Miseq reagent
kit “v3 150 cycles” (part# MS-102-3001). The aptamer library preparation for NGS included two
stages of PCR, termed amplicon and index, that are each followed by PCR clean up procedures.
The final aptamer libraries were quantitated by fluorescence using the Qbit instrument,

32

normalized by concentration, and finally pooled prior to sample loading. Only aptamer libraries
obtained from positive selection rounds (SELEX rounds 0,1, 3-6 and cross reaction SELEX
rounds 10-12) were included in NGS sample preparation. These libraries are: unselected libraries
V0 and M0 (to provide analysis of the initial unselected library in duplicate), Virus SELEX
libraries V1, V3-V6, MCP SELEX libraries M1, M3-M6, and the final cross reacted SELEX
libraries S10-S12.

9. Next-Generation Sequencing Amplicon PCR

The amplicon PCR was performed to attach adapter sequences to the ends of the aptamers. The
adapter sequences enable the DNA fragments to be attached to the instrument flow-cell. Locus
specific amplicon primers were designed by taking the overhang adapter sequences from the
Illumina manual (Part# 15044223) and adding nucleotides onto the 5’ ends the aptamer selection
primers. The amplicon primer sequences used in this procedure are thus as follows with the
Illumina extended adapter primer portions shown underlined: FWD 5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGAATCGGTAATGTATAGGGAAG
AGAAGGACATATGAT-3’ and REV 5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGAATCGGTAATGTATCAAGTG
GTCATGTACTAGTCAA-3’.
The amplicon PCR reactions were performed in a 25 µL volume consisting of 2.5 µL of
template, 5 µL of FWD primer (1 µM), 5 µL of REV primer (1 µM), and 12.5 µL of 2x i5 ready
mix purchased from KAPA Biosystems (part# KK2601). The optimal amplification conditions
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were determined to be as follows: 95 ˚C for 1 minute, 25 cycles of 95 ˚C 30 seconds, 55 ˚C 30
seconds, and 72 ˚C 30 seconds, followed up 72 ˚C for 5 minutes and held at 4 ˚C.

10. PCR bead clean up

Following amplicon PCR, a PCR clean up procedure was performed using Agencourt AMPure
magnetic beads (part# A63881). First, the PCR reactions were centrifuged briefly and the
AMPure beads were vortexed five times for 30 seconds each to ensure even dispersal of the
beads. Next, 20 µL of the bead suspension were added to each PCR reaction to bring the total
volume to 45 µL. The entire volume of beads and reaction mixture was mixed by pipetting up
and down 10 times, followed by an incubation at room temperature for 5 minutes to allow the
DNA amplicons to bind to the beads. The PCR-bead mixture was then applied to a magnetic
plate stand until the supernatant was clear, roughly 2 minutes, after which the supernatant was
discarded. With the PCR tubes and beads still applied to the magnet, 200 µL of ethanol were
added and incubated for 30 seconds as a wash step. A total of two ethanol washes was
performed.

Following the wash step, the PCR tubes were removed from the magnet stand and 52.5 µL of 10
mM Tris, pH 8.5 was quickly added to each PCR reaction to elute the purified PCR products off
the beads. We modified the Illumina procedure and did not allow the beads to air dry because of
resulting difficulties with their subsequent resuspension. After the Tris buffer was added, the
PCR bead mixture was pipetted up and down to fully resuspend the beads, followed by an
incubation at room temperature for 2 minutes. Finally, the bead mixture was placed back onto
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the magnetic plate stand and incubated until the supernatant was clear, roughly 5 minutes. Then,
50 µL of the supernatant containing the purified amplicon PCR product was removed and placed
into a clean PCR tube. The purified amplicon PCR product was stored at -20 ˚C prior to index
PCR.

11. Next-Generation Sequencing Index PCR

The index PCR was performed using the specific Illumina kit “Nextera XT index kit v2, set A”
(product# 15052163). Index PCR was used to attach unique indices to each aptamer within the
different selection libraries to allow the tracking of each aptamer and estimating its relative
abundance upon sequence analysis. The index PCR reactions were performed in a 50 µL volume
consisting of 5 µL of the amplicon purified PCR template, 5 µL of the N7xx primer, 5 µL of
S5xx primer, 25 µL of 2x i5 PCR master mix (part# KK2601), and 10 µL of PCR grade water.
The optimal amplification conditions were determined to be as follows: 95 ˚C for 1 minute, 8
cycles of 95 ˚C 30 seconds, 55 ˚C 30 seconds, and 72 ˚C 30 seconds, followed by 72 ˚C for 5
minutes and storage at 4 ˚C.

Following index PCR, a similar clean-up procedure as described above was performed, but
doubling the bead volume to 56 µL and decreasing the volume of 10 mM Tris buffer pH 8.5 to
27.5 µL. A total of 25 µL of the purified index PCR product was saved and stored at -20 ˚C.
Additionally, 2 µL of each index PCR product was loaded onto an Agilent 1000 Bioanalyzer
chip following exactly the manufacturers protocol (Manual# G2938-90014). The chip was
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analyzed on an Agilent 2100 Bioanalyzer instrument to confirm the correct size of each index
PCR product.

12. Library quantitation and normalization

Prior to sample normalization and pooling, each purified index PCR product was quantitated
using the Qubit fluorometer using a dsDNA high sensitivity assay kit (Fisher cat. no. Q32851) in
Qubit assay tubes (Fisher cat. no. Q32856). The samples were prepared according the
manufacturers procedure (Manual# MAN0002326). The samples were protected from light and
vortexed immediately before reading on the Qubit Fluorometer. Following library quantitation,
each index PCR sample was normalized to 4 nM in 10 mM Tris buffer, pH 8.5. After
normalization, a total of 5 µL from each sample was pooled into a single aliquot.

13. Library denaturation and sample loading

All the MiSeq reagents in the cartridge were allowed to slowly thaw to room temperature before
proceeding with the denaturation procedures. First, the pooled library was denatured in order to
prepare the samples for attachment and subsequent clustering on to the flow cell. A 5 ul aliquot
of the pooled library was added to 5 µL of 0.2 mM NaOH, vortexed to mix, and incubated at
room temperature to denature the dsDNA PCR products. Then, 990 µL of hybridization buffer
(HT1 buffer from Illumina Miseq reagent kit) was added to the denatured DNA. Finally, the
diluted and denatured DNA was diluted to a final concentration of 4 pM by combining 120 µL of
the 20 pM denatured DNA with 480 µL of hybridization HT1 buffer.
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The same denaturation and dilution procedures were performed using PhiX control DNA
(Illumina, cat. no. FC1103001). The PhiX control DNA is used for low diversity libraries to
prevent over clustering on the flow cell, an event that can lead to poor sequencing signals. A
greater amount of PhiX control DNA is added or “spiked” for lower diversity libraries. For our
purposes, a 10% spike of PhiX control was added to the pooled library by mixing 60 µL of 4 pM
PhiX control with 540 µL of the 4 pM denatured and diluted library. Prior to sample loading into
the reagent cartridge, the combined amplicon and PhiX library was placed on a heat block at 96
˚C for 2 minutes. The sample was then loaded into the reagent cartridge immediately after the
heat denaturation step and the cartridge and flow cell were placed into the Miseq instrument for
the sequencing run.

The sequencing run was monitored remotely from the Illumina BaseSpace site. Once the
sequencing run was complete, the sequences were de-multiplexed, and the reads were
downloaded from BaseSpace. The process of de-multiplexing consists of taking all sequences
obtained within the pooled library and tracing them back to their original sample using the
aptamer indices. De-multiplexing is performed automatically by the Miseq instrument.
The original sample libraries sequenced were: unselected starting libraries V0 and M0, Virus
selection libraries V1, V3-V6, MCP selection libraries M1, M3-M6, and the final cross reacted
selection libraries S10-S12. The indices used for each sample library created unique identifiers
for each unique aptamer sequence present in that library. The unique identifiers allow the
different aptamers to be “counted” (i.e. How many times that specific sequence appeared in each
selection library) to track sequence abundance.
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14. Pre-processing Next-Generation Sequencing reads

Given the fact that the forward strand of the aptamers was used in all selection procedures, only
the forward sequencing runs were used in subsequent pre-processing steps prior to sequence
analysis. The aptamers were processed to i) discard poor quality sequencing reads and ii) remove
the constant primer regions flanking each end of the N30 variable region. All pre-processing
steps were performed as described by Theil (Theil, 2016; Theil & Giangrande, 2016) using the
Galaxy public server. The Galaxy platform allows researchers to perform large scale sequence
analysis through the web using a repertoire of written programs as tools to process the raw
sequencing reads while saving substantial computer processing power and disk space (Afgan et
al., 2016). The FASTQ files were downloaded from BaseSpace and uploaded to the Galaxy
server for pre-processing (https://usegalaxy.org/) using the programs within the FastX toolkit
developed by the Hannon lab (Gordon & Hannon, 2010).

Briefly, the pre-processing steps consisted of:
1. Removing the poor-quality sequencing reads using the “Filter by Quality” tool with a
phred quality score of 20 and threshold of 90 %.
2. Renaming the sequence identifiers to the un-processed nucleotide sequence using the
“rename sequence” tool.
3. Removing any quality reads that did not contain a complete 5’ constant region using the
“barcode split” tool and matching the reads to the FWD primer sequence.
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4. Removing the 3’ constant region using the “clip” tool and full-length REV primer
sequence to match 3’ end of the reads.
5. Removing the constant 5’ region using the “trim” tool based off the starting position of
N30 variable region.
6. Removing any N30 sequences that were outside the range of 30 ± 3 nucleotides using the
“filter sequence by length” tool.

The resulting processed reads now consisting of only the isolated N30 regions were downloaded
from galaxy onto an external hard drive to begin the subsequent data analysis. The duplicate
reads from each processed NGS selection library were collapsed using the FASTAptamer count
program developed by the Burke lab (Alam et. al., 2015) to yield a count for the unique
sequences present in each selection library. The resulting file from this tool allowed us to see the
abundance of different aptamers (based on count values) within each selection library and follow
their enrichment throughout the selection process.

Additionally, as described above for the Sanger sequencing methods, the N30 sequences from
NGS were assessed for significant motifs that may be present within the N30 variable region
using the program MEME suite (meme-suite.org) (Bailey, 2006) while the predicted 2˚ structures
were assessed using the program M-fold (rna.albany.edu) (Zuker, 2003). The isolated N30
variable regions obtained from both Sanger and NGS sequencing methods were analyzed in
parallel.
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Results & Discussion
1. SELEX selections

Two parallel aliquots of the commercial unselected aptamer library, each consisting of roughly
1014 DNA aptamers (1 nanomole), underwent SELEX using either whole Ranavirus particles or
Ranavirus recombinant MCP as the selecting entity. The goal was to enrich the starting
unselected library of aptamers through multiple SELEX rounds for aptamers that will bind
Ranavirus with high affinity and specificity and can ultimately be used for the identification of
Ranavirus.

The two parallel SELEX methods were: 1- capturing recombinant GST-MCP protein on GSH
resin as a solid support and 2 - using size exclusion principles with spin concentrators for
selection of aptamers that bind to whole Ranavirus particles. A total of six such SELEX rounds
were performed for each approach. The binding aptamers were isolated, and PCR amplified as
shown in figure 2.3a and 2.3b, respectively. After 6 rounds of stringent selections, the aptamer
library V6 obtained from round 6 of the virus selection (V6 binders, figure 2.3a) was cross
reacted with the GST-MCP protein target to develop a final aptamer library S12, produced from
SELEX round S12, that could potentially recognize both targets, Ranavirus major capsid protein
and whole virus particles. The final S12 Ranavirus binding aptamers were isolated and PCR
amplified as shown in figure 2.3c.
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Figure 2.3. Aptamer libraries obtained after virus selection (a), MCP selection (b), and the
final cross selection (c). The resulting binding aptamers were isolated, and PCR amplified, the
expected 74 base pair PCR products are shown. The binding sequences are denoted as B1, B2
and B3 for both virus selection (a) and MCP selection (b). The potential dual specificity library
(S12) is shown in figure c (denoted as B). Additionally, non-binding aptamers from the S12
selection were also isolated and PCR amplified (denoted as NB) to demonstrate successful
partitioning of binding and non-binding sequences. The positive control (+) comprised the
original unselected aptamer library, the negative control (-) contained no DNA template. The
analysis was carried out on a 4 % agarose gel with a 50 base pair Orange Rule size marker;
ThermoFisher), denoted as “L”.
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2. Sanger sequence analysis of a set of selected aptamers

Clones representing aptamers from the M6 (17 isolates) and S12 libraries (97 isolates) were
sequenced by the Sanger method for the analysis of the N30 variable regions in order to identify
and characterize potential consensus sequence motifs. Finding such motifs amongst the final
aptamer libraries would provide evidence that the starting library was indeed enriched for
sequences specific towards Ranavirus, as a result of the applied SELEX procedures (Shangguan
et. al, 2015).

The N30 variable regions of the cloned aptamers were identified by first locating the FWD and
REV primer sites (see “Aptamer Library and PCR amplifications” methods). The full set of
aptamer sequences from the M6 and S12 libraries can be found in Supplementary Table 1. The
N30 variable regions were aligned using the program EMBOSS muscle and Jalview
(www.ebi.ac.uk) to search for a common consensus sequence or motif across all the sequences
(Waterhouse et. al., 2009). In order to eliminate the probability of finding a consensus region
simply due to chance, the N30 regions of the selected aptamers were further aligned, again using
program EMBOSS muscle and Jalview, with a set of 100 random 30mer nucleotide sequences
created using a random DNA sequence generator (bioinformatics.org). Additionally, the Sanger
N30 sequences were assessed for the presence of significant motifs using the program MEME
suite (meme-suite.org) (Bailey, et. al., 2006). A MEME motif is defined as a string of 6 or more
identical base pairs. A discovered motif is identified as significant if its associated E-value is less
than 0.05. The E-value is a statistical measure of to the likelihood of finding the discovered motif
within a random sequence (Bailey et. al., 2006). Such potential MEME motifs were analyzed
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only on the FWD DNA strand (reading 5’ – 3’), as this is the strand that was used throughout the
selection procedures.

Analysis of M6 library derived aptamers did not discover any significant motif or consensus
region (data not shown) and therefore was not pursued further. Analysis of the S12 library
derived aptamers yielded two isolates, I17 and I12, which contained an identical N30mer
sequence: GAGACAGGCTACGTCATGGCACGGGATCTG. The discovery of an identical
sequence copy that had originated from a random pool of aptamers strongly suggests that this
sequence was selected throughout the SELEX procedures. In addition, the fact that we found two
identical sequences out of 97 would further suggest that more identical copies are likely to be
present in the final library.

In addition to this aforementioned identical copy, a significant motif and consensus sequence
was found amongst all 97 aptamers sequenced from the final S12 library. A motif of 21 base
pairs was seen in the N30 segment of a series of aptamers as shown in figure 2.4.
Motif 1

E- value: 0.00037

Figure 2.4. Motif 1 discovered from Sanger sequencing of S12 isolates by MEME. A
significant motif is defined as having an E-value less than 0.05 and consisting of 6 or more base
pairs. The 21 base pair motif was found in aptamer sequences: G19, F4, the identical copy
(I17/I12), E10, H5, D6, G14, I4, E13 and F10. E-value = 0.00037.
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The program analyzes the DNA sequences with the assumption that all sequences are random
and that motifs appear at most, one time in each sequence. Thus, an E-value of 3.7 x 10-4
suggests that the motif found within aptamer sequences E10, H5, D6, G14, I4, E13 and F10 (see
supplementary table 1), is not likely to be found in a random DNA sequence and this finding is
significant at the 95% level. The discovery of two identical sequence copies as well as a
significant motif within the final S12 aptamer library strongly suggests that the initial, random
library has been enriched.

A sequence alignment was performed amongst all aptamer sequences containing motif 1 in order
to identify a consensus sequence using EMBOSS MUSCLE Jalview. A consensus sequence was
identified at a 40 % identity threshold as shown in figure 2.5a. In order to eliminate the
possibility of this consensus being discovered due to chance, the aptamer sequences containing
motif 1 were aligned with a set of random DNA 30mer sequences generated by a random DNA
sequence generator (bioinformatics.org). When aptamer sequences are aligned with the random
set of DNA 30mers, the consensus sequence once identified at a 40 % identity threshold is lost
(figure 2.5b). This would suggest that the consensus sequence that was identified from motif 1
amongst the total 97 final aptamer sequences is not likely to be simply found within a random
pool of DNA sequences, again strongly suggesting library enrichment.
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Figure 2.5. Consensus sequence. A consensus sequence was identified through EMBOSS
MUSCLE Jalview when aligning all aptamer N30mer sequences containing Motif 1 at a 40%
identity threshold (a). Once aligned with a random set of 30mer sequences the consensus was
lost (b). Darker blue regions within the sequences indicate a higher percent identity of the
nucleotide at that position. FASTA identifiers of each aptamer sequence are shown to the left of
the sequences within each alignment.

Even though the complexity of the starting library of about 1014 different aptamer sequences is
expected to decrease across selection cycles, each selection library still contains millions of
sequences. It is clearly not possible to analyze these with good coverage via traditional cloning,
transformation, and plasmid purification/sequencing methods. The use of high-throughput
methods such as Next-Generation Sequencing (NGS) can provide more insight into the entire
SELEX process and may also identify at what point these sequences became enriched throughout
the SELEX process.
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3. Next-Generation Sequencing analysis of SELEX aptamer libraries

Pre-processed aptamer sequences

All positive SELEX libraries were assessed by NGS methods because they allow much deeper
sequencing coverage, possibly detecting specific sequences and/or motifs present in the SELEX
libraries that may have been missed by the Sanger approach. A total of 15 libraries were
analyzed, including duplicate samples of the unselected starting library (refer to figure 2.2).

Prior to actual sequence analysis, all Illumina FASTQ reads were required to be pre-processed.
The term “pre-processing” refers to the removal of poor-quality sequencing reads and of the
constant primer sites flanking either ends. After pre-pre-processing, the aptamer reads are
considered “processed” which refers to the resulting isolated N30 variable portion to begin actual
sequence analysis on. Since the primer sites are common to all aptamers, sequence analysis only
considers the N30 variable segment of the aptamer.

The initial pre-processing step removed an average of 22 ± 0.05 % of all raw FASTQ reads due
to poor sequencing quality (table 2.2). A quality score (Phred score) cut-off of 20 and a
minimum 90 % base pair threshold was used to filter out low quality reads from the Illumina raw
FASTQ sequencing data. Any sequence within the given library that contained more than 10 %
of base pairs with a phred score lower than 20 was deemed to be of poor quality and thus was
removed before further analysis. The resulting output of quality reads was pre-processed further
to remove the primer site sequences and progressed to later analysis stages.
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Table 2.2. Number of low-quality reads discarded from each SELEX library.
SELEX Library

Raw FASTQ reads

V6
V5
V4
V3
V1
V0
M6
M5
M4
M3
M1
M0
S12
S11
S10

730,946
615,449
52,113
289,420
699,657
429,925
563,795
353,822
283,191
536,120
410,761
668,934
579,524
651,607
505,150

Output
quality reads
566,295
519,226
37,286
237,443
521,823
312,766
446,768
291,518
181,468
446,268
311,170
511,197
451,280
504,965
394,184

Discarded
low quality reads
164,651
96,223
14,827
51,977
177,834
117,159
117,027
62,304
101,723
89,852
99,591
157,737
128,244
146,642
110,966

Discarded (%)
22%
15%
28%
17%
25%
27%
20%
17%
35%
16%
24%
23%
22%
22%
21%

Once all good quality sequencing reads were obtained, the aptamers were further pre-processed
following the same workflow methods described by Thiel (Theil, 2016; Theil & Giangrande,
2016), to remove the constant primer portions and isolate the N30 variable region. The next
stages of the pre-processing workflow steps consisted of:
1. Renaming the FASTQ identifier to the un-processed nucleotide sequence. This was done
in order to monitor the resulting changes of each subsequent step.
2. Removing the constant 3’ prime region from the aptamer sequence. This was done by
matching the 3’ end of the aptamer sequence to the REV primer sequence (see NGS
methods for full REV and FWD primer sequences). The removal of the 3’ end was
required to be removed first (as opposed to the 5’ constant region) in order to maintain
consistent nucleotide positions for step 3.
3. Removing the 5’ constant region based off the starting position of the variable N30
segment. Since all quality reads were ensured to contain the exact identical match to the
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FWD primer site as a result of the 5’ barcode split step, the N30 sequence was ensured to
start at position 39 (the full length NGS adapter FWD primer is 38 base pairs long).
Therefore, step 3 trimmed off all nucleotides starting at position 38 and retained all
nucleotides at position 39 and beyond.
4. Filtering out any N30 sequences that were outside 30 ± 3 nucleotides in length. Due to
chance, it is likely that many N30 segments are between 27 base pairs and 33 base pairs
in length, any sequence outside this range of tolerance were likely due to PCR artifacts
developed throughout the selection cycles and therefore were removed by step 4.

The final result of the pre-processing workflow outputted the isolated, good quality N30
sequences with lengths of 27-33 base pairs. All pre-processing steps and resulting outputs as
described above are depicted in figure 2.6. The aptamer sequences are now considered
“processed” and were further progressed into sequence analysis stages.
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a) Aptamer sequence after NGS library prep & de-multiplexing
NGS adapter FWD selection
sequence 1
primer

REV selection

primer

NGS adapter
sequence 2

N30 variable region
Clip 3’ end

b) Result of Pre-processing “clip” step
N30 variable region
Trim 5’ end

c) Result of Pre-processing “Trim” step

Filter by length

d) Processed aptamer reads

N30 variable region

N30 variable region ± 3 N

Figure 2.6. NGS Pre-processing workflow and resulting outputs. Due to the NGS library prep
dual PCR stages (adapter PCR and index PCR, see methods), the aptamer sequences obtained
additional segments on either ends of their selection primer regions, the adapter regions 1 and 2,
as shown (green and blue, respectively) in figure a. The process of de-multiplexing was
performed automatically by the Miseq instrument and thus the index primer regions had already
been removed. The 3’ constant region was removed first, as described in step 2 of the preprocessing workflow and the resulting output is shown in figure b. This was followed by the
removal of the 5’ constant region as described in step 3 of pre-processing workflow with the
resulting output displayed in figure c. Finally, after filtering out any N30 sequences that were
outside the range of 30 ± 3 nucleotides (N) in length, the final “processed” aptamer reads were
obtained, as shown in figure d, and progressed into actual sequence analysis.
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Unique sequence count analysis of Next-Generation Sequencing libraries

Initial analysis of processed N30 reads sought to identify enrichment of specific aptamers based
on simple sequence count. As proposed by Theil, specific aptamers that have been selected
against the desired target will accumulate throughout selection process and therefore can be
identified as such, as these selected sequences are expected to be found in higher abundance
(Thiel, 2016). To begin this analysis the program FASTAptamer count (Alam et. al., 2014) was
used to count the number of unique sequences within each aptamer library. Surprisingly, our
search for higher abundance sequences via count analysis however did not identify any aptamers
that appeared to be in greater abundance than that of the unselected control library (data not
shown). More specifically, no aptamer sequence appeared in any given library more than four
times. Given the size of the aptamer population that had undergone NGS and the amplification
power of PCR, it is highly unlikely that a sequence did not appear more than four times.
Moreover, two identical copies of one aptamer were found by analysis of 97 cloned aptamers by
Sanger sequencing, further emphasizing that our NGS findings were highly unlikely. Similar low
sequence count data was obtained by Ruscito et al. (2017) using the FASTAptamer count
program that attributed this finding to high level of “noise” or nonspecific sequences within the
NGS libraries and further found that this result was due to the program itself rather than showing
an accurate representation of the selection procedures.

Previous studies have shown that instead of finding completely defined 30 nucleotide long
sequences that had been enriched across selection cycles, sequence motifs within the aptamer
variable portion had been enriched. Aptamers containing such motifs ultimately resulted in the
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best binding aptamer, not the sequences that appeared the most (Percze et. al., 2017; Moore et.
al., 2015). Therefore, we next sought to demonstrate library enrichment through the SELEX
procedures by tracking the accumulation of specific motifs discovered with NGS across all
SELEX rounds.

Motif analysis of Next-Generation Sequencing libraries

The processed N30 variable sequences from all NGS selection libraries were assessed for the
presence of any significant motifs using the program MEME (Bailey, et al., 2006). It is possible
that motifs may have been selected in earlier rounds of selections that could not be seen by
Sanger sequencing analysis as it was only applied to the very final selected library. It was of
course expected that the un-selected control library, analyzed as V0 and M0, would not yield any
significant motif(s), a fact that was borne out by the results. Much to our surprise, a significant
motif did not present itself until the final round of cross reacted SELEX, libraries S10, S11 and
S12 (Figure 2.7a, 2.7b, and 2.7c, respectively).
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a. Motif S10

E-value: 3.8x10-7

b. Motif S11

E-value: 2.4x10-3

c. Motif S12

E-value: 1.8x10-3

Figure 2.7. MEME motifs discovered in NGS libraries S10 (a) S11 (b) and S12 (c) Three
significant motifs were detected in the cross reacted SELEX libraries S10, S11 and S12 as shown
in figure a, b, and c, respectively. Each motif’s corresponding E-value, representing a measure of
the probability of finding the discovered motif in a random set of DNA sequences, is shown in
italics to the right. A significant motif is associated with an E-value less than 0.05. Similar
regions found within each significant motif are boxed in blue.
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The S10 library showed the most significantly enriched motif of the three, as it had the smallest
E-value of 3.8 x10-7, followed by the S12 library motif (E-value = 1.8 x10-3) and finally the S11
library motif (E-value = 2.4 x10-3). All three motifs appear to contain a similar 5’ region between
positions 1 and 10. Since no significant motif was discovered in the un-selected control library,
our findings provide further evidence of aptamer selection across the selection procedures.

We next searched each selection library for the above identified motifs using the program FIMO
(Grant et. al. 2011). This analysis allowed us to count how many times a specific motif (as
opposed to a fully defined sequence) appeared in each SELEX library and determine if increased
motif enrichment had indeed taken place across all selection rounds. A percent abundance was
calculated as the number of sequences found to contain the specified motif divided by the total
reads from that given library. The total sequencing reads in all NGS libraries ranged between
400,000 to 500,000 sequences, providing a substantially greater population size. Due to the fact
that all selection libraries varied in the number of total reads, calculating the percent abundance
allowed for normalization of the data to be comparable across all selection rounds.

When assessing the relationship between percent abundance of a given motif across each
selection round, we found that the motif abundance indeed increased linearly with increasing
selection rounds. This relationship is illustrated in blue with the corresponding linear trendlines
shown in figure 2.8a, 2.8b, and 2.8c for motif S10, S11, and S12, respectively. An overall greater
motif enrichment is seen between Virus Selection than MCP Selection as shown by the overall
greater percent abundance of the motif in virus libraries than in MCP libraries. This finding, we
believe, was due to the fact that all significant motifs (NGS motifs S10, S11 and S12) tracked
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!
throughout selection rounds had originated from the unselected V0 library. It would therefore be
expected that a greater motif enrichment would be seen across Virus Selection. The significance
of the linear relationship found between percent abundance and increasing selection rounds is
indicated by the corresponding R2 values. In addition, q-values, a statistical measure of false
positives also known as “the false discovery rate” (Benjamini & Hochberg, 1995), were also
monitored across selection rounds to further the significance of the percent abundance
relationship. The q-values decrease with increasing selection rounds (depicted as orange bar
graphs in figure 2.8a, 2.8b, and 2.8c for motifs S10, S11, and S12, respectively) ultimately
indicating that the probability of obtaining false positives decreases with each selection round,
which would support the reliability and confidence in the reported percent abundance findings see below.
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Figure 2.8. Enrichment of NGS motifs S10 (a), S11 (b), and S12 (c) across virus and MCP
selection rounds. The percent abundance of each motif was calculated as the number of times
the motif appeared within the selection round library divided by the total reads in that given
library and is plotted in blue. The linear trendlines are for percent abundance are shown with
corresponding equation and R2 values in the top right corners of each graph. The selection
rounds are indicated on the x-axis and are denoted as V0, V1, V3-V6 for virus selection rounds
0,1,3-6 and S10-S12 for cross SELEX selection rounds 10-12 (refer to figure 2.2). The MCP

!
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selection rounds are indicated as M0, M1, M3-M6. The decrease in q-values across the selection
rounds is plotted in orange.

As explained above, the q-value is a measure of false positives within a dataset with many
samples that was first presented by Benjamini & Hochberg in 1995. A false positive is defined as
a sample that was concluded to be different from the null hypothesis when in reality it was not
(Benjamini & Hochberg, 1995). For our purposes, a false positive would be defined as the
conclusion that a particular sequence contains the specified motif when in reality it does not. The
average was taken from all q-values for sequences that were identified to contain the specified
motif and was then used to create a representative q-value for each selection round. The q-value
was shown to decrease for all three motifs discovered across each selection round for both virus
and MCP selections. This finding indicates that the rate of false positive discovery decreases
with increasing SELEX rounds, again supporting the conclusion that the overall SELEX
procedure worked.

4. Predicted 2˚ structures

The significant motifs identified by Sanger (motif 1, refer to figure 2.4) and NGS libraries S10,
S11, and S12 were further characterized and compared by using a 2˚ structure prediction
program. Previous research has shown that aptamers sharing common sequence motifs give rise
to unique stem loops, (Moore et. al., 2015) which may indicate specific binding domains that
enable aptamers to bind to their desired targets (Blind & Black, 2015). The secondary structures
of our Sanger motif 1 and NGS motifs S10, S11 and S12 aptamers were predicted by the
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program M-fold (Zuker, 2003) using the aptamer folding conditions of 95 ˚C, 137 mM Na+ and 1
mM Mg++. The full-length sequences, with both constant primer sites included, were used in this
analysis. Previous work has shown the constant primer regions to contribute to the aptamer 2˚
structure and therefore its binding function (Stoltenburg et. al., 2015; Blind & Black, 2015). For
this reason, the primer regions were included in the 2˚ structure predictions of the aptamers.

The resulting structures were assessed for the presence of any similar or unique stem loop motifs
that may indicate shared binding domains. The most stable structures (indicated by lowest ∆G
values) identified by M-fold were used in this analysis. The predicted 2˚ structure of NGS motif
S11 did not show any similar 2˚ structural characteristics shared between the other motifs (data
not shown) and therefore was not characterized further in this analysis. The most stable
structures predicted by M-fold for the Sanger motif 1, NGS motif S10, and NGS motif S12 are
presented in figure 2.9a, 2.9b, and 2.9c, respectively.
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Figure 2.9. Predicted secondary structures of Sanger motif 1(a) NGS motif S10 (b) and
NGS motif S12 (c) as predicted by M-fold (Zuker, 2003). A common sequence domain was
identified between all three structures and is highlighted in green. A unique wobble base pair site
was found to contribute to the sequence domain in the Sanger motif and is indicated by the bold
dot (9a). The contribution made by the constant primer sites to the overall predicted structure of
aptamers is shown highlighted in yellow.

The conserved portion of the aptamer for the Sanger motif 1 (figure 2.9a) and NGS motif S10
(figure 2.9b) showed the formation of two unique stem loops 1 and 2 (numbered in 1 and 2,
respectively). Within the smaller stem loop, stem loop number 2 of the Sanger motif 1and NGS
motif S10, a shared sequence domain was identified (highlighted in green) and was also found to
contribute to the formation of the unique 2˚ structure presented in NGS motif S12 (figure 2.9c;
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green highlight). The alignment of this shared sequence domain found within the Sanger motif,
NGS motif S10, and NGS motif S12 is shown in figure 2.10.

CLUSTAL multiple sequence alignment by MUSCLE (3.8
SangerMotif
NGS_motifS10
NGS_motifS12

AGGG-CACGG-TGGGTCACGA-CGGG-CACATCA
*** ***

Figure 2.10. Alignment of shared sequence domain identified within 2˚ structure models.
The shared sequence domain present in Sanger motif 1 and NGS motifs S10 and S12 was aligned
using EMBOSS MUSCLE. Identical base pairs are indicated in read. The position of this shared
sequence domain is found within the boxed region of NGS motif S10 and NGS motif S12 figure
2.7.

In addition, a wobble base pair site (A-G) was identified within the shared sequence domain of
Sanger motif 1 (figure 2.9a, bold dot). Previous work has shown that wobble base pair sites
present in aptamer 2˚ structures maintain overall stability (Kato et. al., 2000). From this, our
results displaying the wobble base pair site found within the stem for the predicted Sanger motif
may imply that this stem loop formation is highly favorable. Ultimately, the predicted structures
which identified a highly similar sequence domain, all gave rise to similar stem loops. It is our
presumption, that this stem loop structure is implicated in binding to Ranavirus targets
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Conclusions

This work intended to select aptamers specific to Ranavirus by using a dual SELEX approach. In
summary, our data suggest that the SELEX methods developed have worked in enriching a
starting library of 1014 randomized aptamers to be specific towards Ranavirus whole virus
particles and Ranavirus recombinant MCP. The sequence homology that exists between the final
cross-reacted aptamers (S10, S11, S12 library) and the motif enrichment demonstrate that
aptamers have been selected against the virus targets in vivo. Furthermore, the results obtained
by both Sanger and NGS sequencing methods agree with each other and together, strongly
suggest that both unselected libraries (M0 and V0) were enriched. This is the first report to
describe the development of ssDNA aptamers towards the specific isolate of Ranavirus, Frog
Virus 3, using a dual selection approach against whole virus particles and its major capsid
protein.

Future work aims to identify a group of candidate aptamers to perform binding assays with
recombinant MCP. We plan to perform electrophoretic mobility shift assays (EMSA) to measure
binding affinities by KD values which has proven previous success (Liu et al., 2018). In addition,
Surface Plasmon Resonance (SPR) may be used in conjunction to EMSA assays in measuring
binding affinities of aptamers. With further development, these aptamers presented here may be
useful in diagnostic field tests for the identification of Ranavirus. Given the greater ease for
chemical modification and greater stability of DNA over protein, ssDNA aptamers may be
another ideal probe to be used in conjunction with antibodies to test for the identification of
Ranavirus.
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I. Supplemental Material
Supplementary Table 1. Sanger S12 isolates - Complete N30 sequences
ID
D1
D2
D3
D4
D5
D6
D7
D8
D9
D11
D12
D13
D14
D15
F2
F3
F4
F5
F6
F7
F8
F9
F10
F13
F16
H1
H2
H3
H4
H5
H7
H9
H10
H13
H15
H16
H17
H19
H20
H21
H22
H23
I1
I2
I3
I4
I5
I6
I7
I8
I9

APTAMER N30 SEQUENCE
GACTTGGGATAAGCAGCTAGGCAGACAACC
AACGGCCGGCATACCCAGTGTTGGCGATCC
CGAGGCCGCCCGAATCGTTACCAGGCATCA
TGGACCTGCAGCTCATGGCCTAGCGGTATC
CCCACGGTAACCCCTCACCACCGCAGTACC
GTCAGTCCAGGCATGATGTGTCGGGATTTG
CAACACTACAGCCCGACCACTGTAGGAATG
CGAACGAGGCGATCGCGTTTCCCATGCACG
CACCGGCCTAGTGTGCAAGCTCCATCGATG
GCCCGCCGACACTGACTGAGTACCCGTGGA
ACGGGCACCACGGTCTTAGCACCATGCATC
CCAGACCGATGTGCTGCTAGACTCAGCTAC
CACAGGGGAGGCAGGTTAGCGAGGATCCCC
CCCGGCACCACCACCATAACCCTTCAGTGA
GCGGACCATCGGATCCGACCACTGCGTTCA
CGGGCACACTCGATCTAGCGGGATAGCACC
AGCACGGCTGCCCAGGATAGGTGTTTGTAG
AGCCGCCACTGAGGAATCCCGTTCTGTCGA
ATGTACACAGAGGGCTCCCACTGGCTTAGT
CCGGCAGGGCAATCGAACCTCGGCCCATAG
GAACGCAAGGGTGCAAGTGTAGTGCTGGGG
CAAACTGCACCGCAATCAAGACCGCCAATG
GGCATGCACGAGGCGTCGGTTATAGGCGGG
CACCGCACACTGGGCATTGCTCTCCGGGTT
GCAACCGAGTGGGGCACGGTCTTACTGCAC
TGCCGCGCGGGTCCGTAGGTTGCTCGCCCC
CCATCACACAATCGAGGAAGCGCTCGACTC
AGGCGGTGGAACAGCTGGCCGACGTTGGTA
CCAGGCCAGGAGATGGGAGCGCCCCTGCCG
CCGGCCAGGCACCCATGGTGTCTGTGTAGCC
CAGCACGGCACATTCACCCCAGCACCTATG
GCACAGTGACGTCGATGAGCTGCACGATCG
AGGTGCACCACATGGAGGTACCTGCCCGCT
GGCGCCCACTCAAACGTCATCCTCACGTGG
GGGGACCACCAACGTCTACCCAGGGGCACC
GCGCACCCACAGCCCAAACTGGCCCGCCTC
CCCACTTGAACGATGGTGTGCGGATTCAC
CGTCCAGGCCGCCATGCAGCATAGCGGGCT
GGAGCGTACCCCCGGGCACACCTATGGACG
GACGCCATGGCCTACGTTCCCCGTTCGGG
AACGGGAAGGCCTGATCGTAGATTCCAGC
GGAAGGCACCACGAGACTCCTCGCCCTGTA
CCACCATAGCATGGCGCACGGTGGTATCT
GCGCCCACGACGCAAGGTGATTCGCCCAC
CACGGTAGCAGCGAATAGAGTCACATAGTA
CAGCGAGTGCCCATACCAGGTCAATGCAGG
GCCATACCCGAGCAGCGAGTTGTGCTTACA
TGACGTGGATCGGGGACTCGGAGATGCGTC
GACCGGCCTGCCATCGATCGTCCGCATCGG
CATCAGGGTGCGACGGTCAGGGACCTGTTC
GACCGGCCAGACTGACTAAAGGCCTCCCGC

ID
E1
E2
E3
E4
E5
E6
E7
E8
E10
E11
E12
E13
E14
E15
E16
G1
G2
G3
G5
G6
G7
G8
G9
G10
G11
G12
G14
G15
G16
G17
G18
G19
G20
G21
G22
G23
I10
I11
I12
I13
I14
I15
I16
I17
I18
I19
I21
I23
I24

APTAMER N30 SEQUENCE
GAGGCAGGGTGCAACGATCAGTGGTGGTGG
ACCACAGTAGTAGGACCATGAACGTCCCAC
CATGGACGGCAGGACTCTCGGTACCCCTAC
GGCGGCATGCGGCTTGACTAATACATGACC
GGTCCACCAGACGGGCTGGCAGCGGTGTGC
GAGCACACTACTCAGCCAGCATCATCATCG
GCACTGTCCACGATACGGCGGGTTGATCGT
CAGTTATAACAGGAGTGTTGGGTTGTCTTC
GGGAATCGGGCTCACGTTATGTCTCTCGT
GGCGCGAAGCCCGAGGTCTGCAACGGGTCG
CATGGGGTGTGGGG
GACGACCGACGTGAGTTGACTACAGTCCCG
GGATGCACACACCGCCGTAAGATCGAGCCA
CGGGGGCAGTG
GCGGAGACCTCCATTGACCCCCTCGTCGCC
GTGGCCGGTCAGGAACACTCCGGGTAGTGC
TGGCCCGGGGCGGCAACAGTAGCATCGCTC
CAAGGGGATGCCCGCGTTTTCGCTAACTCG
CAAGGGGATGCCCGCGTTTTCGCTAACTCG
GCCAACCGCGCCCCCGTGGTCCGTTAGCAA
GATCGGAGCCGCCCTCTCCCGCGCTTCGGG
ACCGTCACACCACGCTCCGGACATCCTGTC
CACACTCCCTAGCCGTGCGTTCTTATCCTC
CAGGGCGCTCAGGCTGCGGATTCGGCCGTT
GGGTATGCCGTGTGCGCAACCGGTTTCTGC
GACGTGGAACGCCGCGAGCATGTGTCTTCC
GTCAGGGGACACATCGCGTATCTGGTACCC
CCACACCCCCTGCGCTGGTCAGGCGTCCAT
CCATGGGGACCGCCTCTGGCTGTTATATGG
GCACCATCCCGACTACATGTGCTATTCGTA
CAAGAGAGGACAATAACGCCCCGCTATGC
GGCTGGCCAACACACCCTATGTGTCTGCAG
CGAACAGCACTCCGTCGTTAGTGCAATCCG
GTGCAGCGTCCGGCCACATTATCGGTACTG
ACACGACCGCATATCGCCGTGCTAGAGGGT
GGAAGGGGCGGGCAAACTTGGGGCACCTGC
GGGGCAGAGTGTAGGGACGACGATCATCGC
GACCCGCGGCTCCCGCCACCAGTTAGCCCC
GAGACAGGCTACGTCATGGCACGGGATCTG
GAACAGCGGGCACCATCCCTCCACCTGTA
AAACGACAAACAGCTGCCTGTCTCCCCCCA
AGGCGAGACCCATAAAATCCAGTCTTC
GCATCGACCGACCAGGCTCAGCTCTCTCGG
GAGACAGGCTACGTCATGGCACGGGATCTG
GAACGGCGCGCAGACGTGTGCCCTTCGGTG
CACATGGCAAACCTGTGCAGTTACGCGTAC
CTCTGCCCGCGGCTACCCAGAGTCGCAGGA
GGCCCCGGCACGTGCTATGTTGACTCGCCA
GCCATCTACGAACCGCTGTCCGTTCCAATG
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